A B S T R A C T Livers of normal mice were prefused in situ and the secretion of newly synthesized (i.e. labeled) proteins into the perfusate were measured. In control livers, the secretion of newly synthesized proteins was found to be linear with time. In marked contrast, when livers were perfused with vinblastine, vincristine, or colchicine, drugs known to interfere with the hepatic microtubular system, the release of newly synthesized proteins was either strongly inhibited or completely suppressed although total hepatic protein synthesis (estimated by the incorporation of labeled amino acids into hepatic plus perfusate proteins) remained unaltered. Chromatographic separation of the various secreted proteins showed that the release of albumin, globulins, and small polypeptides was decreased to a similar extent by vincristine or colchicine. In the particular case of albumin, it was further observed that total (i.e. liver plus perfusate) labeled amino acid incorporation into albumin was not altered by either vincristine or colchicine, whereas the incorporation of these amino acids into liver albumin was markedly increased but incorporation into perfusate albumin was decreased, suggesting that the translocation of this particular protein from the liver to the perfusate had been affected by the presence of these drugs. It is proposed that the functional integrity of microtubules is necessary for the intracellular movement and eventual release of albumin and other proteins by the liver, and suggested that microtubules might possibly be a site of regulation of hepatic protein secretion.
INTRODUCTION
Previous studies carried out either in an isolated system, the perfused livers of normal mice (1) (2) (3) , or in vivo using normal rats_ (4) have shown independently that an intact microtubular system was necessary for the release of very low density lipoproteins (VLDL) by the liver. The experiments performed with the perfused mouse livers demonstrated in particular that the presence of colchicine or vincristine, drugs known to interfere with the microtubular system (5, 6) , resulted in a marked decrease in the secretion of VLDL into the perfusate and an accumulation of triglycerides in the liver at a time when electron microscopy revealed that microtubules had virtually disappeared from the hepatocytes and VLDL-like particles had accumulated within the parenchyma (2, 3) . This suggested an inhibition of the intracellular translocation of VLDL particles. The specificity of the action of vincristine or colchicine on microtubules was further substantiated by the observations that these drugs did not alter basic functions of the liver (oxygen consumption, maintenance of normal ATP levels, of normal glucose or urea production), and did not alter lipogenesis or protein synthesis (3) . Another important function of the liver is the synthesis and subsequent secretion into the blood of proteins such as albumin, a-and 8-globulins, and fibrinogen (7) (8) (9) (10) . Such proteins are synthesized by the rough endoplasmic reticulum and most, if not all, are transferred to the Golgi apparatus, subsequently packaged in cytoplasmic vacuoles which are finally extruded into the space of Disse (11) (12) (13) (14) . However, the mechanisms by which these proteins are transported intracellularly before be- Vinblastine, vincristine, or colchicine was dissolved in 0.5 ml isotonic saline and added to the medium at zero time.
Analysis of perfusate and tissues. Samples of 3-4 ml of the perfusion medium were taken at time 0 and at 30-min intervals. Ketone bodies, free fatty acids, triglycerides, urea, and glucose, were measured as previously described (3) . Total labeled proteins were determined as follows: 1 ml of 10%o trichloroacetic acid (TCA) was added to 0.5 ml of perfusate. The resulting precipitate was washed twice with 5%o TCA, heated for 15 min at 90'C to prevent albumin solubilization in organic solvents (16) , washed once successively with ethanol, diethyl ether-ethanol (1: 1), diethyl ether, and twice with 5%o TCA. The final precipitate was dissolved in 1 ml NaOH (1 N) and a sample (0.2 ml) was counted for its radioactive content in 10 ml of toluene-ethanol (7: 3) containing 4 g 2,5-diphenyl-oxazole and 0.04 g paraphenylene bis-methyl-phenyloxazol/ liter. The radioactivity was determined in a liquid scintillation spectrometer (model 3380, Packard Instrument Co., Inc., Downers Grove, Ill.). Incorporation of label into hepatic proteins was determined by the same procedure, after small pieces (about 50 mg) of livers had been sonicated (Sonifier B 12, Branson Sonic Power Co., Danbury, Conn.) in 10%o TCA. Label in newly synthesized albumin was determined using a modification of the previously described TCA-alcohol procedure (16, 17) . 0.5-ml samples of perfusate, or fragments of livers (about 150 mg) obtained at the end of 2 h of perfusion, were sonicated in 10%o TCA after the addition of 0.1 ml bovine serum used as protein carrier. The respective precipitates so obtained were washed three times with 5%o TCA, and then the albumin was extracted three times into 1%o TCA in 96%o ethanol according to the method of Schwert (16 (Table II) .
As may be seen, more than 50% of the newly synthesized (i.e. labeled) albumin was secreted into the perfusate of control livers. In the presence of vincristine or colchicine, the newly synthesized albumin that appeared in the perfusate was drastically reduced and the accumulation of labeled albumin within the liver now became quite obvious although total labeled albumin synthesis renained unchanged (Table II) .
To determine whether the inhibition of protein secretion observed in livers perfused with vincristine or colchicine was specific for one p lakedr group of secreted proteins, chromatographic separation of various secreted proteins was carried out on Sephadex G-100 (Fig. 2) Livers were perfused for 2 h with 50 ml recirculating Krebs-Ringer bicarbonate buffer containing initially 20% washed bovine erythrocytes, 3% defatted bovine albumin, 10 mg amino acid mixture, and 20 MCi '4C randomly labeled amino acids. Vincristine or colchicine was added at time 0.
Values are presented as means SEM, and are compared by t test. * Significantly different from controls at P < 0.025.
Significantly different from controls at P < 0.0125. § Significantly different from controls at P < 0.0005. (All other differences from controls: NS.) Livers were perfused as described in Table II and 2-ml samples of perfusate were chromatographed as described in Fig. 2 . Total surface area is surface of peaks 1 plus 2 plus 3, peak numbers being the same as those indicated in Fig. 2 . Values are presented as means of four to six chromatograms obtained from four to six different perfusions±SEM. * Relative surface areas of peaks obtained by chromatography on Sephadex G-100 column.
experiment was performed. Livers were first perfused for 2 h with labeled amino acid mixture as described above. The perfusate was then taken, dialyzed to remove remaining labeled amino acids, and aliquots of it chromatographed to show that labeled proteins (i.e. peaks 1, 2, and 3) had been synthesized during this 2 h perfusion time (Table IV) . The dialyzed medium containing the newly synthesized proteins was then used again to perfuse a new series of livers, and to test the existence of possible alteration of these newly synthesized proteins by the livers. It was reasoned that if peaks 1 or 2 would be degraded into small polypeptides during the perfusion, then radioactivity collected in the peak 3 would be increased. It may be seen in Table IV that this was not the case: total labeled proteins in the perfusate decreased only little after 2 h of perfusion, in keeping with a slight decrease in peak 1. Peak 2 was barely altered and, more importantly, peak 3 did not increase thus ruling out the possibility that it might mainly be a degradation product of other larger proteins. DISCUSSION The most striking observation of the present study is that drugs such as vinblastine, vincristine, or colchicine, known to interfere specifically with the hepatic microtubular system (2, 3), strongly inhibit or completely suppress the release of newly synthesized proteins by the perfused mouse liver. Of further importance is the finding that, at any of the concentrations tested, these agents did not interfere with total protein synthesis as estimated by labeled amino acid incorporation into hepatic plus perfusate proteins (Tables I and II) . This observation rules out the possibility that the observed decrease in protein secretion might be secondary, as is the case with drugs such as puromycin or actinomycin D (20) , to decreased protein synthesis. Furthermore, it could be observed that when added to perfused liver at appropriate concentrations, vincristine (2.5 AM) or colchicine (10 MM) brought about a marked decrease in labeled amino acid incorporation into total proteins or into albumin released into the perfusate, at a time when labeled amino acid incorporation into either total hepatic proteins or hepatic albumin was actually increased. This observation is consistent with the concept that the decrease in total protein secretion, or in albumin secretion produced in livers treated by vincristine or colchicine is likely to be related to an alteration in hepatic microtubular activity which results in a blockade of the intracellular translocation of the proteins to be secreted, together with their continuing synthesis and eventual accumulation within the hepatocytes. The present study further indicates that the microtubular system appears to play a role in the secretion of all of the major proteins secreted by the liver (Fig. 2, Table III ). Of particular significance is the demonstration that albumin, the major protein produced by the liver, is markedly dependent upon the microtubular system for its secretion (Table III) . It is of additional interest to note that even small polypeptides appear to be secreted by the liver via a functioning microtubular system and do not represent either products released by simple diffusion or degradation products derived from larger proteins (Fig.   2 , Tables III and IV) .
It is not yet established whether all proteins or polypeptides are transported intracellularly as vesicle-enclosed products. One may spectulate that, since the secretion of all proteins and polypeptides is affected by vinblastine, vincristine, or colchicine, these various proteins might possibly be segregated within vesicles which are moved in a similar fashion towards the vascular pole of the hepatocyte by the microtubular system. However, the precise nature of the relationship between secretory products and the microtubular system still remains to be clarified. Finally, this study raises the possibility that variations in the hepatic microtubular system may play a more important role in the physiological regulation (and perhaps also in pathology) of secretion of albumin and globulin than has previously been suspected.
